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AERODYNAMIC HEATING OF 
A SPACE SHUTTLE DELTA-WING BOOSTER AT M-= 7.4 
Charles E. DeRose and William K. Lockman 
An experimental investigation was performed to obtain detailed 
aerodynamic heating distributions on a model of a space shuttle delta- 
wing booster. Test results were obtained for an angle-of-attack range 
from -5" to 60" at a free-stream Mach number of 7.4 and free-stream 
Reynolds numbers, based on model reference length (distance from nose 
to base of delta wing), from 1 to 5 million. Results showing the effect 
of Reynolds number and vehicle attitude on the vehicle heating are pre- 
sented and discussed, 
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SUMMARY 
An experimental investigation has been conducted in the Ames' 3.5- 
foot hypersonic wind tunnel at a Mach number 7.4, to determine the heating 
rate distribution on a space shuttle delta-wing booster. The model, 
instrumented with thermocouples, was a 0.006 scale version of the General 
Dynamics/~onvair Corporation B-9J delta-wing booster. The test covered a 
range of Reynolds numbers (based on model length and free-stream conditions) 
from 1 to 5 million and angles of attack from -5' to 60'. Tabulated test 
results for the complete test program are included. Representative plotted 
results showing the effects of Reynolds number and vehicle attitude (angle 
of attack) on the vehicle heating distributions are presented and ' discussed. 
INTRODUCTION 
The NASA is currently investigating the concept of a fully reusable, 
two-stage space shuttle system to transport payloads from earth to low- 
earth orbit and return (see ref. 1). The first stage of such a shuttle 
system is a booster that will provide the initial acceleration, and the 
second stage is an orbiter, containing the payload, that will continue into 
orbit. Both of these stages must be capable of returning to the launch 
site, or other predetermined locations, and making conventional airplane- 
type landings. 
Successful development of such a space shuttle system will require the 
understanding of problems in many technological areas. In particular, to 
be entirely reusable, these vehicles must be designed to withstand the heat- 
ing encountered during their flights without structural damage. This requires 
the accurate mapping of the heating rate inputs for the proposed configura- 
tions and flight trajectories so that precise heat protection structures can 
be designed. 
The present experimental investigation was performed in a manner to 
obtain detailed aerodynamic heating distributions on' a delta-wing booster 
model for a range of test conditions. The test model, instrumented with 
thermocouples, was provided by General Dynamics/Convair Corporation (GD/C) 
and was a 0.006 scale representation of the GD/C B-9J delta-wing booster. 
The test program was conducted in the Ames' 3.5-foot hypersonic wing tunnel 
for an angle-of-attack range from -5' to 60' at a free-stream Mach number of 
7.4 and free-stream Reynolds numbers, based on model length, from 1 to 5 mil- 
lion. Results showing the effects of Reynolds number and angle of attack on 
the vehicle heating distributions are presented in both tabular and graphical 
form. 
The authors gratefully acknowledge the help of Andre Roberge and Nick 
Nicodemius from General DynamicslConvair Corporation in the performance of 
this tunnel test program. 
NOMENCLATURE 
c specific heat of model skin material 
L model reference length 
M~ free-stream Mach number 
4 heat transfer rate 
4s stagnation-point heat transfer rate for reference sphere 
e, heat transfer rate at model wall 
Rs reference sphere radius equivalent to 0.305 m (1 ft) at model scale 
Re free-stream Reynolds number based on model reference length, L 
", L 
Tw temperature, at model wall 
t time 
x body axial distance from nose 
a angle of attack 
(9 body circumferential angle (positive measured clockwise from bottom 
centerline as viewed from rear of model) 
P density of model skin material 
T thickness of model skin 
EXPERIMENTAL METHOD 
Facility 
The test program was conducted in air in the Ames' 3.5-foot hyper- 
sonic wind tunnel. This facility, described in reference 2, is a blow- 
down-type tunnel with a pebble-bed heater to heat the air'and axisymmetric 
contoured nozzles to provide flow Mach numbers of 5.2, 7.4, and 10.4. The 
nozzle walls helium injected into the nozzle boundary 
layer through slots upstream of the throat. The tunnel is equipped with 
a model quick-insert mechanism for quickly moving models into and out of 
the airstream. 
A high-speed analog-to-digital data acquisition system is used for 
recording test data on magnetic tape. The present system is equipped to 
receive the electrical signals from 80 thermocouples and/or other types of 
transducers in addition to 20 channels reserved for tunnel parameters. 
Model 
The test model, provided by General Dynamics/Convair Corporation 
(GD/C), was a 0.006 scale representation of the GD/C B-9J delta-wing booster. 
The dimensions and specifications for this model and for the full-scale 
vehicle are given in tables (supplied by General Dynamics/Convair Corpora- 
tion) listed in Appendix A. A photograph of the model is displayed in fig- 
ure 1, and a three-view drawing showing the principal dimensions is given 
in figure 2. 
The basic model geometry wnsisted of a fuselage body (B ), a delta- 7 
wing (W5), and a vertical tail (V ). The model was constructed of 17-4 PA 3 
stainless steel with the instrumented areas machined to a nominal skin 
thickness of 1 millimeter (0.040 in.) on the body and 0.5 mm (0.020 in.) 
on the wing and tail. The actual skin thickness was measured at each 
instrumented location using micrometers. Model instrumentation consisted 
of 100 iron-constantan thermocouples (30 gage wire) spot-welded to the 
inner surface of the model at the locations listed in table I and shown 
sketched in figure 3. For this test program, the 80 thermocouples (TIC) 
listed in table I1 were connected to the data acquisition system. 
Test Conditions 
As shown by the run schedule in table 111, this test program was con- 
ducted at a free-stream Mach number of 7.4 for a range of free-stream 
Reynolds numbers, based on model length (reference length is measured from 
model nose to base of delta wing (see fig. 2)), between 1 and 5 million. 
Data were obtained for the angle of attack, a, range from -5' to 60°, with 
particular emphasis on values of 0°, 30°, and 60'. The runs made at a = 
-5' along with those at 0°, provide booster-alone data as baseline informa- 
tion for another test program with the orbiter mated to a booster as a 
launch configuration, 
The specific test conditions, including the tunnel free-stream total 
temperature and pressure, are given for each run in Appendix B. For con- 
venience, the tabulated data are arranged in the order of the run schedule 
given in table 111. 
Test Procedures and Data Reduction 
The model with a base sting was mounted at a preset attitude on a 
quick-insert mechanism. This mechanism injected the model into the air- 
stream when steady-state test conditions were established and retracted 
the model at the completion of data acquisition. The model injection and 
retraction times were each set at about 112 second and the time on the 
tunnel centerline was set at about 1 second. 
The model wall temperature data for each thermocouple location and 
the tunnel conditions were recorded on magnetic tape at 0.07-second inter- 
vals during the test, with the data acquisition starting with the first 
motion of the quick-insert strut. The measured wall temperatures were dif- 
ferentiated with respect to time on a digital computer and the wall heat- 
transfer rate, %, was then determined by the thin-skin technique using the 
L. following relationship 
dTw 
= pcr -dt 
The data reduction program yields, for each thermocouple location, tabulated 
and plotted outputs of both wall temperature and heat transfer rate versus 
time. Lateral and longitudinal heat-conduction errors in the model skin at 
any given location were minimized by using the data obtained at the earliest 
possible time after the model cleared the tunnel boundary layer when tempera- 
tures over the surface were still close to uniform. This minimum time was 
influenced primarily by the combined effects of the model material response 
time (about 0.1 sec) and the model transit time (dependent upon model attitude) 
through the tmnel boundary layer. As would be expected, heat-conducr~cn 
effects were generally limited to regions with small radii of curvature 
where large temperature gradients were present, namely, the fuselage nose 
and wing and tail leading edges, 
To normalize the measured heating rates, the data were divided by t'be 
theoretical stagnation-point heating rate for a sphere (ref. 3 ) ,  bs, with i 
radius equivalent to 0.305 meter (1 ft) on the full-scale vehicle. Tk.Bs 
value of 4 s was evaluated for each run (listings in Appendix B) using the 
measured wind tunnel conditions. The wall temperature used for the ca.&cu- 
lation of 4s was taken for a fuselage nose thermocouple when the model 
reached the tunnel centerline. Therefore, the sphere wall temperature was 
generally higher than the model temperatures determined at the earlier times 
when the model heating rates were evaluated. Therefore, the higher redferecce 
sphere temperature would give a relatively smaller value of 4 and thus s' 
produce a slightly larger, or more conservative, value for the heating raze 
ratio Gw/Gs. However, this effect is small, usually less than 10 percent 
of the calculated value and probably within the experimental =curacy, as 
an estimate, the maximurn error in heating rate ratio, 4,/4,, is i.15 perreen" 
for 4 /d  2 0.01 and 20.002 for g/qs < 0.01. W S 
The calculation of both the reference sphere heating and the Reynolds 
number included the use of  eyes' equation for viscosity (ref. 4) and t h s  
corrections in reference 5 for calorically imperfect, thermally perfect gas, 
The theoretical values of laminar heat transfer rates, which are used 
as comparisons to the experimental data, were obtained using infinite suep:- 
cylinder theory (refs. 6 and 7) modified to account for the difference in 
crossf low v e l o c i t y  g rad ien t  between t h e  a c t u a l  body and a  cy l inde r .  A 
d i scuss ion  of t h i s  method f o r  a  s i m i l a r  a p p l i c a t i o n  can be found i n  refer- 
ence 8. 
RESULTS AND DISCUSSION 
Complete r e s u l t s  f o r  every run of t h i s  t e s t  program a r e  shown i n  
t a b u l a r  form i n  Appendix B i n  t h e  o rde r  of t h e  run schedule given in 
t a b l e  111. For each run,  t h e s e  r e s u l t s  inc lude  both t h e  w a l l  temperacure, 
Tws 
and t h e  h e a t  r a t e  r a t i o ,  4,/4,, f o r  each s p e c i f i e d  thermocouple loca- 
t i o n  on t h e  model and the  p a r t i c u l a r  t e s t  condi t ions  f o r  t h e  run .  
Representa t ive  hea t ing  r a t e  d i s t r i b u t i o n s  f o r  t h e  body, wing, and 
t a i l  a r e  shown i n  g raph ica l  form a s  p l o t t e d  i n  f i g u r e s  4 t o  19.  These re- 
s u l t s  a r e  mainly concerned wi th  t e s t s  made a t  angles  of a t t a c k  of 0°, 30", 
and 60°, angles  which were considered most important  r e l a t i v e  t o  t h e  vehic:Ievs 
a n t i c i p a t e d  f l i g h t  t r a j e c t o r y .  
Body 
Body hea t ing  da t a  f o r  t h e  bottom c e n t e r l i n e ,  t h e  top c e n t e r l i n e ,  ane 
f o r  va r ious  body c ros s  s e c t i o n s  a r e  presented i n  f i g u r e s  4 and 5 ,  7, and & t o  
10 ,  r e s p e c t i v e l y .  
Bottom c e n t e r l i n e . -  Heating r a t e s  f o r  t h e  bottom c e n t e r l i n e  of the body 
a t  a = 0° ,  30°, and 60", a r e  p l o t t e d  i n  f i g u r e  4 f o r  Reynolds n m b e r s   fro^ 
approximately 1 t o  5 m i l l i o n .  A s  shown, t h e  hea t ing  r a t e  r a t i o s  a r e  l i t t h e  
a f f e c t e d  by changes i n  Reynolds n m b e r .  However, t h e  d a t a  f o r  t h e  h i g h e s t  
Reynolds rider a t  m = 60' beyond x/L = 0.65 show an inc rease  i n  heating 
with  an inc rease  i n  Reynolds n m b e r ,  i n d i c a t i n g  t h a t  t r a n s i t i o n  t o  t u rbu len t  
boundary l a y e r  flow occurs .  The hea t ing  r a t e s  measured a r e  a  func t ion  o f  
t h e  body bottom c e n t e r l i n e  contour.  The hea t ing  r a t e  decreases  wi th  d i s -  
t ance  back from t h e  nose u n t i l  reaching t h e  s t a r t  of t he  f i r s t  r a p  ( x / 3  = 
0.39).  Were, t h e  hea t ing  r a t e  r i s e s  s l i g h t l y  and cont inues almost Level 
u n t i l  t h e  beginning of t h e  f l a t  po r t ion  of t h e  body (x/L = 0.65).  After t h i s  
p o i n t ,  t h e  h e a t i n g  r a t e  gene ra l ly  decreases  except f o r  the  h igh  Reynclds 
number r e s u l t s  a t  a = 60". P red ic t ions  of t h e  laminar  hear ing  r a t e s  using 
modified swept-cylinder theory a r e  shown f o r  l o c a t i o n s  ahead of t h e  wing 
f o r  angles  of a t t a c k  of 30' and 60". The p red ic t ed  va lues  ag ree  q u i t e  well 
with  the  d a t a  except f o r  t h e  nose region where t h e  two-dimensional t h e a r y  
underpredic t s  t h e  h e a t i n g  of t h e  three-dimensional s t agna t ion  r eg ion ,  
m i l e  t h e  r e s u l t s  a t  t he  above t h r e e  angles  of a t t a c k  appear f a i r l y  
normal, an unusual e f f e c t  i s  noted a t  in te rmedia te  angles  of a t t a c k .  Fig- 
u r e  5 shows hea t ing  r a t e  r a t i o s  f o r  t h e  bottom c e n t e r l i n e  a t  a  nominah 
Reynolds n m b e r  of 5  m i l l i o n  f o r  angles  of a t t a c k  of 0° ,  10° ,  20°, 3 0 3 ,  4Ca, 
50", and 60". For a l l  angles  of a t t a c k ,  t h e  h e a t i n g  r a t e s  show a consaste3t 
p a t t e r n  back t o  x/L = 0.39 ( t h e  start  of t h e  f i r s t  ramp, a s  i s  ind ica t ed  
i n  t h e  ske tch  a t  t h e  top  of t h e  f i g u r e ) .  Beyond t h i s  po in t ,  t h e  hea t ing  
r a t e s  f o r  ang le s  of a t t a c k  of 40" and 50" depar t  markedly from the  re~rsainaor 
of t h e  da t a .  This  l a r g e  inc rease  i n  hea t ing  r a t e  f o r  t h e s e  two angles  of 
a t t a c k  suggest  boundary l a y e r  t r a n s i t i o n  from laminar  t o  t u rbu len t  flow occurs, 
probably t r i g g e r e d  by the abrupt  body contour  change. Figure 6 shows a 
shadowgraph of t h i s  model a t  Nach number 7.5 and Reynolds number 6.4 x 43 6 
a t  an angle  of a t t a c k  of 40'. A s t r o n g  shock wave can be seen o r i g i n a t i n g  
a t  t h e  beginning of t h e  f r o n t  ramp and t h e  flow a f t  of t h e  shock wave appeazs 
t o  be tu rbu len t .  A t  t h i s  t ime, i t  i s  not  c l e a r  why t h i s  e f f e c t  i s  noted o z l y  
a t  angles  of a t t a c k  of 40" and 50". 
Top c e n t e r l i n e . -  The e f f e c t s  of Reynolds number on leeward hea t ing  
f o r  va r ious  angles  of a t t a c k  along t h e  top  c e n t e r l i n e  of t h e  body a r e  shsw.rn 
i n  f i g u r e  7. The major i tems of i n t e r e s t  f o r  t hese  d a t a  a r e  t he  high heat- 
i n g  r a t e s  measured f o r  t h e  f r o n t  f a c e  of t h e  canopy and t h e i r  s e n s i t i v i t y  tc 
changes i n  Reynolds n m b e r .  A t  a l l  t h r e e  angles  of a t t a c k ,  0", 30°, and 63', 
t h e  hea t ing  r a t e s  on t h e  canopy vary  d i r e c t l y  wi th  Reynolds n m b e r ,  and t hee r  
h ighes t  va lues  a r e  some s i x  t o  seven times t h a t  measured a t  o the r  p o i n t s  02 
t he  top c e n t e r l i n e .  It i s  a l s o  i n t e r e s t i n g  t o  no te  t h a t  t he  hea t ing  rates 
measured on t h e  canopy f a c e  a r e  somewhat h igher  a t  60' than those  measured 
a t  30". The remainder of t h e  d a t a  measured on t h e  top c e n t e r l i n e  i s  rela- 
t i v e l y  unaffected by Reynolds n m b e r  and gene ra l ly  shows a  decrease i n  bea:- 
i n g  wi th  inc reas ing  angle  of a t t a c k .  
Cross s ec t ions . -  Heating d i s t r i b u t i o n s  f o r  seven body c r o s s  s ec t i o r s  
a r e  p l o t t e d  i n  f i g u r e s  8,  9 ,  and 10, f o r  angles  of a t t a c k  of 0° ,  30° ,  and 
60°, r e spec t ive ly .  The d a t a  a r e  p l o t t e d  a g a i n s t  around t h e  body from 
t h e  bottom c e n t e r l i n e  (@ = 0") t o  t h e  top  c e n t e r l i n e  ($  = 180") .  The firs: 
f i v e  c ross -sec t ion  l o c a t i o n s  a r e  ahead of t h e  wing and the  l a s t  two are aft 
of  t h e  wing-body junc t ion .  
A t  0' angle  of  a t t a c k  t h e  c ross -sec t ion  hea t ing  r a t e s  i n d i c a t e  little 
e f f e c t  of Reynolds n m b e r  except  f o r  x/L = 0.108, $I = 135'. T h i s  lac:atier~.: 
( s ee  t h e  t h e m c o u p l e ' s  liocation i n  f i g .  3 ( c ) )  i s  on the  s i d e  of t h e  canopy 
and t h e  d a t a  r e f l e c t  t h e  l a r g e  e f f e c t  of Reynolds n m b e r  i n  t h e  canopy regLon, 
a s  noted i n  t he  d i scuss ion  of f i g u r e  7(a) .  
F igures  9 and 10 ,  angles  of a t t a c k  of 30' and 60°, r e s p e c t i v e l y ,  sh.0~~- 
no e f f e c t  of Reynolds nurnber and se rve  mainly t o  i n d i c a t e  t h e  l a r g e  change 
i n  hea t ing  from windward t o  leeward su r f aces .  However, i t  i s  interesting :CI 
no te  t h a t  t h e  ch ine  hea t ing  r a t e  ( fo r  example a t  x/L = 0.346) can exceed 
t h e  hea t ing  r a t e  on the  bottom su r face .  
Wing 
Wing hea t ing  d a t a  f o r  t h e  l ead ing  edge, bottom, and top su r f aces  are 
presented i n  f i g u r e s  11, 12 t o  15 ,  and 16 ,  r e spec t ive ly .  
.- Spanwise hea t ing  d i s t r i b u t i o n s  on the  wing leading  edge 
a r e  given i n  f i g u r e  11 f o r  angles  of a t t a c k  of 0° ,  3Q0, and 60'. There is 
p r a c t i c a l l y  no e f f e c t  of Reynolds n m b e r  on the  r e s u l t s  shown. The i m p o r -  
t a n t  r e s u l t  shown he re  is  t h a t  t h e  abso lu t e  l e v e l  of hea t ing  r a t e s  i s  no t  
excess ive ly  high.  A s  an example, a hea t ing  r a t e  r a t i o  of 0 .3  r ep re sen t s  a 
r a d i a t i v e l y  cooled s u r f a c e  temperature of about 1400' K (2000" F), a s s m i n g  
L Gs = 50 B t u / f t  / s e c  and a s u r f a c e  emis s iv i ry  of 0.8.  Thus i t  i s  seen t h z t  
t he  temperatures  t h a t  t hese  hea t ing  r a t e s  produce can be t o l e r a t e d  with 
presen t  day m a t e r i a l s  and technology. 
Bottom sur face . -  Spanwise hea t ing  d i s t r i b u t i o n s  on t h e  wing bot tom 
s u r f a c e  a r e  shown i n  f i g u r e  12 f o r  10  percent  chord, f i g u r e  1 3  f o r  50 percent 
chord, and i n  f i g u r e  14 f o r  75 percent  chord. The d a t a  a t  10 percent  chord 
show no e f f e c t  of Reynolds n m b e r ,  though a h i t t e d l y ,  t h e  hea t ing  d i s t r i b ~ -  
t i o n  i s  no t  w e l l  def ined because only two themocouples  a r e  a v a i l a b l e ,  A t  
50 percent  chord, a s t r o n g  e f f e c t  of Reynolds n m b e r  i s  ev ident  inboard a t  
a = 30" and outboard a t  a = 60'. I n  f a c t ,  t h e  hea t ing  r a t e  a t  t he  high 
Reynolds n m b e r  a t  a = 60' exceeds t h a t  measured f o r  t h e  l ead ing  edge, 
The same t r ends  t h a t  were shown a t  50 percent  chord a l s o  occur a t  75 percent 
chord ( f i g .  14) and i n  a d d i t i o n  t h e  inboard hea t ing  r a t e s  a t  a = 60' are 
a l s o  a func t ion  of Reynolds n m b e r .  
Figure 15 displays  the  e f f e c t  of angle of a t t a c k  on the  chordwise 
heating of t h e  bottom surface  of the  wing f o r  two span locat ions ,  15.7 per- 
cent  and 50 percent of the  exposed semispan, f o r  a nominal Reynolds number 
of 5 mi l l ion .  A t  15.7 percent of t h e  exposed semispan ( f i g .  1 5 ( a ) ) ,  the  
heating r a t e s  f o r  angles of a t t a c k  of 0 ° ,  l o 0 ,  and 20' a r e  f a i r l y  w e l l  
ordered; high heating a t  t h e  leading edge, then decreasing values with in-  
creasing chord posi t ion , 'and then (except f o r  0') increased heat ing toward 
the  t r a i l i n g  edge of t h e  wing. However, f o r  a = 30' and 40°, the  heat ing 
r a t e  r i s e s  abruptly beyond the  30 percent  chord point .  A t  50' angle of 
a t t ack ,  the  heating r a t e  rises j u s t  behind the  leading edge and s t ays  f a i r l y  
l e v e l  back over the  wing. These th ree  r e s u l t s  ind ica te  various lengths  of 
turbulent  boundary l a y e r  flow and a r e  probably connected with t h e  t r a n s i t i o n  
noted on the  body bottom cen te r l ine  a t  40' and 50' angle of a t t ack .  A t  60' 
angle of a t t ack ,  t h e  heat ing r a t e  f o r  t h e  wing bottom surface  has dropped 
back down, again following the  example of what occurred on the  bottom center- 
l i n e  of the  body. Note, t h e  l i n e s  connecting t h e  data  points  on t h i s  p l o t  
a r e  intended t o  merely jo in  the  points  f o r  ease of viewing; they cannot be 
taken a s  d e f i n i t i v e  in te rpo la t ions  of the  measured points .  
The da ta  f o r  50 percent  exposed semispan ( f ig .  15(b)) present  much 
the  same p i c t u r e  a s  f i g u r e  15(a) ,  except t h a t  the  break i n  trend does not  
occur u n t i l  a = 40°, and t h a t  t h e  heat ing r a t e s  a t  lower angles do not  rise 
toward the  t r a i l i n g  edge of the  wing. . 
Top surface.-  Figure 16 shows the  spanwise heating r a t e  d i s t r i b u t i o n  
f o r  t h e  top surface  of t h e  wing a t  10 percent chord. There i s  p r a c t i c a l l y  
no e f f e c t  of Reynolds number on these  data.  The l e v e l  of the heating data  
shows that the top surface of the wing is effectively shielded from the 
flow at angles of attack of 30' and 60'. The data at a = 60' show very 
small heating, and are almost at the accuracy limit of the test. 
Tail 
The heating rates measured for the vertical tail are shown in fig- 
ures 17, 18, and 19, for angles of attack of 0°, 30°, and 60°, respectively. 
All figures plot chordwise heating rates for three tail height positions, 
10 percent, 50 percent, and 75 percent of the exposed height. 
Figure 17 for a = 0°, shows the high heating at the leading edge 
(almost constant for all height positions) followed by an immediate drop 
off to low heating rates over the remainder of the tail. There is little 
effect of Reynolds nmber on these heating rates, the only variation show- 
ing up at 10 percent height at the leading edge, where body-tail interfer- 
ence could be affecting the data. 
At 30' angle of attack (fig. 18) the level of tail heating is down by 
a factor of ten from that at 0'. However, the trends are still the same, 
highest heating at the leading edge and dropping off immediately. There is 
a variation of heating rate with Reynolds number at the leading edge which 
occurs at all height positions at this angle of attack. Note, there is a 
random rather than systematic variation of heating rate with Reynolds 
number. 
At 60' angle of attack (fig. 19), the heating rates are seen to be 
directly a function of Reynolds number at all points and the leading edge 
is no longer the highest heating point. The tail is in a largely separated 
flow region and t h e s e  r e s u l t s  suggest  t h a t  i t s  n a t u r e  i s  a  s t rong  f u n e t i c a  
of Reynolds number. 
CONCLUDING REMARKS 
Heating r a t e  d i s t r i b u t i o n s  over  t h e  body, wing, and v e r t i c a l  t a r 1  o f  
a space s h u t t l e ,  delta-wing boos ter  have been measured a t  a  Mach number of 
7 .4  and Eynolds  numbers from 1 t o  5 m i l l i o n .  The fol lowing r e s u l t s  are 
ind ica t ed .  
1. Heating r a t e s  on the  windward s i d e  of t h e  body a r e  l a r g e l y  lzm5nar 
and we l l  p red ic t ed  by swept-cylinder theory (ahead of t he  wing) up t c t  an 
angle  of a t t a c k  of 30" .  Trans i t i on  t o  t u rbu len t  flow occurred f o r  angles 
of a t t a c k  of 40" and 50° ,  s t a r t i n g  a t  t h e  beginning of a  ramp (x/L = 0,39:- 
A t  60' ang le  of a t t a c k ,  t h e  hea t ing  r a t e s  i nd ica t ed  laminar flow until 
x/L = 0.65. 
2 .  Heating r a t e s  on t h e  leeward s i d e  of t h e  body were c h a r a e t e r i s t i c a k -  
ly low except f o r  those  on t h e  canopy face .  Here, high hea t ing  r a t e s ,  b h i c t  
va r i ed  wi th  Reynolds number, were measured f o r  a l l  angles  of a t t a c k .  
3. T r a n s i t i o n  of t h e  boundary l a y e r  flow from laminar t o  t u rbu len t  
appeared t o  occur on t h e  wing lower s u r f a c e  f o r  angles  of a t t a c k  of 30" te 
50" as evidenced by inc reases  i n  t h e  hea t ing  r a t e .  This  e f f e c t  was probably  
connected wi th  t h e  boundary l a y e r  t r a n s i t i o n  on t h e  body bottom c e n t e r l i n e ,  
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(a) Top forward view, 
(b) S i d e  view, 
F i g u r e  1.- Photographs  of de l t a -wing  booster model. 
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Figure 4.- Effect of Reynolds number on body bottom centerline heating rates, 
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F i g u r e  6 . -  Shadowgraph of  de l t a -wing  b o o s t e r  model; Mm = 7 .5 ;  Re = 6 ~ r l ~ ~ ;  il = 40'. 
M 9  L 
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(a) a = 0'. 
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A 29 1.81 
0 30 3.22 
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(c) a = 60'. 
Figure 7.- E f f e c t  of Reynolds nwnber on body top c e n t e r l i n e  hea t ing  ra tes .  
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.04 (g> xdL = 0,774, 
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Figure 8.- Body c ros s - sec t ion  hea t ing  r a t e s ;  a = 0'. 
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3 
'0- 
- 0 0 
B 
( d )  x/& = 0,445, 
Body circumferential angle , 4 ,  deg . 
Figure 9.- Body cross-section heating rates; a = 30'. 
(a) x/L = 0,108. 
(b) x/L = 0.244. 
0 
(c) x/L = 0,346. 
(f) x/L = 0,681, 
0 
( g )  x/L = 0.774. 
30 60 90 120 150 180 
Body circumferential angle, 4 ,  deg 
Figure 10.- Body cross-section heating rates; a = 60'- 
. 3  
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. I 
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(a )  a = 0 " .  
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( e )  a = 60" .  
Figure 11.- Spanwise heat ing r a t e s  f o r  wing leading edge. 
Run Rea,L 
- 0 23 0-86 XIO" 
A 24 1-83 
- 
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( a )  
I I I I I I b 
(a) a = 0". 
(b) a = 30". 
0 10 20 30 40 5 0  6 0  7 0  8C> 90 i O 0  
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Figure 12.- Spanwise bottom surface heating rates for wing; 10 pe~ccent  chord. 
(a) a = 0 " .  
.20 r 
0 10 20 30 40 50 60 70 80 90 180 
Exposed semispan, percent 
(c) a = 60". 
Figure 13.- Spanwise bottom sur face  heat ing  r a t e s  f o r  wing; 50 percent chord, 
(a) a = 0". 
Exposed semispan, percent 
Figure 14.- Spanwise bottom surface heating rates for wing; 75 percent chard. 
Ru
n 
,
 
Ch
or
d 
,
 p
er
ce
nt
 
(a
) 
16
 7
 p
er
ce
nt
-e
xp
os
ed
 s
e
m
is
pa
n.
 
Fi
gu
re
 1
5.
- 
Ef
fe
ct
 o
f 
a
n
gl
e 
o
f 
a
tt
ac
k 
o
n
 
c
ho
rd
wi
se
 b
ot
to
m 
s
u
r
fa
ce
 h
ea
ti
ng
 r
a
te
s 
fo
r 
w
in
g;
 
6 
Re
 
%
 5
x1
0 
.
 
o
"
,L
 
Ru
n 
a,
de
g 
Re
,, 
L 
0
 
26
 
0 
4.
60
 X
 1
06
 
A
 
27
 
10
 
4.
85
 
38
 
20
 
4.
21
 
0
 3
1 
30
 
4.
58
 
V
 
32
 
40
 
4.
45
 
0
 
33
 
50
 
4.
82
 
0
 
37
 
60
 
4.
93
 
0 
10
 
20
 
30
 
40
' 
50
 
60
 
70
 
80
 
90
 
Ch
or
d 
.
 
~
e
rc
e
n
t 
(b
) 
50
 p
er
ce
nt
 e
x
po
se
d 
se
m
is
pa
n.
 
F
ig
ur
e 
15
.-
 C
on
cl
ud
ed
. 
n q m a  
,y NNNCU 
o a o o  
cno- N m m  
a o o  o a o o  
R u n  Re, 
9 k" 
(a) 10 percent exposed height. 
9 
--- 
(b) 50 percent expbsed height. 
Chord , percent 
(c) 75 percent exposed height. 
, . 
Figure 17.- Chordwise heating rates for vertical tail; a = a " ,  
(a) 10 percent  exposed height .  
(b) 50 percent exGosed height .  
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Figure 18.- Chordwise heat ing  r a t e s  f o r  v e r t i c a l  t a i l ;  a = 30"- 
Run 
(a) 10 percent exposed height. 
(c) 75 percent exposed height. 
Figure 1 9 . -  Chordwise heating rates for  vert ical  t a i l ;  a = 60°. 
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TABLE I 
THERMOCOUPLE LOCATIONS 
DELTA-WING BOOSTER 
(a) BODY 
T/C NO, X/L 0, 
dog 
1 .027 0 
2 9 180 
3 054 0 
4 I 45 5 9 0 6 135 7 180 
8 ,065 180 
9 .076 159 
10 9 18 0 
11 l 108 0 
12 I 25 13 45 14 90 15 13 5 16 180 
17 a 2 4 4  0 
18 I 25 19 45 20 70 21 90 22 136 23 180 
24 a290 0 
25 25 
26 1 1;: 27 
28 0346 0 
29 25 
30 
31 
32 
TIC 80. X/L #, 
deg 
33 e346 135 
34 J( 180 
35 04-43 0 
36 i 19 37 45 38 70 39 90 40 135 41 180 
42 .592 0 
43 J 16 44 45 45 70 46 90 47 135 48 180 
49 e681 0 
50 I 16 51 65 52 90 53 135 54 180 
55 -774 0 
56 I 16 57 . 66 58 9 0 59 135 60 180 
61 ,867 0 
62 16 
63 90 
TABLE I.- C o n c l u d e d  
THERMOCOUPLE LOCATIONS 
DELTA-WING BOOSTER 
(b) WING 
TIC Bo. Exposed % Chord wing 
Semi span Designati on 
64 15 .7 0 l e f t  , leading edge 
65 I 10 l e f t ,  top 66 25 67 50 6 8 75 69 10 le f t ,  bottom 70 25 71 50 72 75 
73 26.8 10 l e f t ,  top 
74 38 10 
75 25 
76 50 
77 44 10 
78 50 0 l e f t ,  leading edge 
79 I 10 l e f t ,  top 80 25 81 50 82 75 83 10 l e f t ,  bottom 84 50 85 75 
86 62 10 le f t ,  top 
87 '4. 50 ' 
88 77 0 
\L 
l e f t ,  leading edge 
89 10 l e f t ,  top 
90 50 
9 1 50 
\L 
l e f t ,  bottom 
( C) VERTICAL TAIL 
TIC Bo. $ Bxposed q$ Chord Tail 
Height Deaigaat f on 
10 0 leading edge 
J W  4 10 l e f t  side 94 50 
95 50 0 
JI 
leading edge 
96 1 10 l e f t  side 97 50 98 75 
99 75 0 
4 
leading edge 
100 'v 50 l e f t  side 
TABLE I1 
THERMOCOUPLE CONNECTION SCHEDULE 
DELTA-WING BOOSTER 
(Test LO5 R u n s  21-38) 
5-4- 
55 
56 
5'7 
58 
60 
6 B 
62 
63 
64 
65 
66 
67 
6 8 
69 
7 Q 
73 
9212 
73 
77 
78 
8 1 
82 
83 
84% 
8% 
8 6 
88 
89 
87" 
9 B 
92 tail 
93 
94 
9 5 
96 
9a 
9 8 
99 
100 
TABLE III 
RUPJ SCHEDULE 
DELTA-FJING BOOSTER 
(Test 105 Runs 21-38) 
M = 7.4  
L 0.410 meter (16.128 in.) 
0.006 model scale 
GD/C B-9;B DELTA-WING BOWTER 
DIMENSIONAL DATA 
TABLE A-I- - BODY FOR DELTA-WmG BOOSTER. 
BODY - B7 
G E K E ~ L  DESCRI PTIQN : BASIC FUSE LACE FOR UE LTA 1f'fiTG EOOSTEF i'C\I'ICi; ii !i!ON 
------ 
DPu4g! KG NVb!BER : 
DIMENSIONS: 
Length  
- - - -  - -  
Max. Width  
Fineness Rat io  
Area 
FULL-SCALE 
15,74 is, 
------ 
2.82 in 
Max, Cross-Sectional ------ 
~ - . ~ 
~ . . .  - . . .- -. - -- -- - 
PI anf arm 6576 ft2 34, 1. 19 
--.-- 
. Matted 
---- -- --- 
TABLE A-I%. - W m G  FOR DEL"IfA-P:MG BOOSTER 
CRJ,i.iT;\II; NUMBER: WT- 70-10520.1 
g, eae 
DT!.'IEP4STONS : FULL-SCALE -- POXL ------- S L m ? t  -
TOTAL DATA 
Are2 
Pl anfom 
t[bl_tted 
(~2_4!1~Vhl eP.t] 
Aspect R a t i o  
Rate cf  Taser 
Taper R a t i o  
Diehedral A n g l e ,  d2grees 
l n c i  dence An97 e , C E ;  r e e s  
kerodynani c I-\;? st, czarees 
Toe-In A n g l e  
f a n i  Angle 
Sweep Back Angles,  degrees 
Lesdinq Edge 
Trailing Edge 
0,2% Elemenx Line 
Choj-ds : 
R ~ t t  [ % i n s  S t a ,  0 - 3 )  
v * 
r ~ p ,  (equivalent) 
MAP 
6 M I W  
Fus, S t a ,  of .25 MAC 
W,P, of -25 f@C -----*--A - *. 
E.L.  o f  -25 EMC 25.84 f l  : 86 iq 
--- ------- ---."- A i  r fa i  1 Sec t ion  
-- 
T i p  
EXPOSED DATA 
Area 5443  ftg - - -- ---XCT*-*----X--- ,". 2 - 2 L  
- p a n ,  (Pql?iV7r!E?nt"_)--------- - -an,- ra P n c  iz 
--d --4b 
Aspec t  R a t i o  --------.-- : .OF;I~ -- 
- Taper R a t i o  w-~--.------  I?:>
Chords 
d' oit $,; Root --- -mw-=-.---- I "  -.i 
3-1 P 3 6 - 4 3  ft . I E  i n  ------- -- re- 
bMC 6 7 0  - d L ~ 3  CL- 
Fuse S t a .  s f  .2% MAC --- ---- -- 
W.P. of  . 2 5  MAC m-:z~&iwi L--- 
B,L, of .25 M C  
OL_\X ."------ 
- - - -  - - - -  - - - -  
- ---  - -- -- - - -  
TABLE A-III. - VE R.%XCAL TAIL FOR DE LTA-V.XN 
*I'TAL DATA 
" - 
Area 
P % F  .'arm 
tiC>" + - - ,.d 
- 3- Sc-.- ;u i . , , i j  j 
A,: . , 2a"Lia 
R:., _ s f  T a ~ e r  
Iz,>i-. R a t i s  
D$ c idc&ra  1 i n 9 j  13 i . 1 ~ 5 ~  + - - " a o q  L--
. -  2 ..I - - -  " 2 -  ... . --  -li[(+ 1 U t E I L e  !<: i l J  I L' LCi,i.EJ"b 
4 C 9  d 
. - Aerodynzr.7 c i w i  s;, degrees 
%->-In u L *&-gi? 
cap,! jlnqlc - 
Sweep Back F 5 ~ n c l  es , deqrces 
Lead ing  Edgs 
Trailin9 Edge #- 
+ Q,25 Elec- ,zn t  L j n 2  
Chords : 
Root  (LIj~fig Sta, !I,@) 
T I ~ p ,  - ( eq i i i  v ~ i  e a t )  
tlrdfit 
(?.- 3 C  M A P  ;;.s, SPz, of ., s$m, 
I;, ; , .25 p ~ c  
E * L *  of  *25 p%C 
A i s P c f l  S e c t i o n  . 
A -..? -+ fi "Bi a, 
Span, (eqeaivalect) - - - -  - - " 
Aspect  R a t i o  
- 
r d p e r  R a t i o  
Chords 
Root 
74 p 
?&C 
Fus, S t a ,  06 .25 MAG 
M+P. o f  .25 MAC 
B,L, of .25 WC 
35-40 ft, 
.--- 
19*81 it, 
--.-- 2ij i"; "~ 
- 
. ..I iL 
TABULATED MEAT T M N S F E R  DATA 
GD/C B- 9J DE LTA-WING BOOSTER 
NASA-Ames 3.5-ft  IXVV'T 
Test 105 Runs 21 - 38 
QG/QS 
I E Y N  SF?: 
RSFH 
free-strean L?ach number 
free-stream ; o t a l  sressrire, psi8 
stagnati-n-~oint heat: t ransfer  ra te  for ref 
stu/f:~/r;c 
heat transfer r a t e  at ~?iodeE wall f c r  2i;L~ren T / C  
2 B t u / f  f: /set 
f ree-s t r  ea.1; Reya:oLds zz~?;~ber per f us t 
reference sphere  r a . d l ~ s  czf one f o o t  at the ~:t~odei 
( 5 ,  e, , 0. 036-f t - rad ius  for t :xese tes%:s), f \ ~  
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